Geospatial data catalogs enable users to discover and access geographical information. Prevailing solutions are document oriented and fragment the spatial continuum of the geospatial data into independent and disconnected resources described through metadata. Due to this, the complete answer for a query may be scattered across multiple resources, making its discovery and access more difficult. This paper proposes an improved information retrieval process for geospatial data catalogs that aggregates the search results by identifying the implicit spatial/thematic relations between the metadata records of the resources. These aggregations are constructed in such a way that they match better the user query than each resource individually.
Introduction
Geographical information is commonly used by organizations, institutions and common citizens for daily work and leisure activities. In the last years, the number, variety and goals of geographical data creators and users have increased, thanks to the progressive cost reduction of the technologies needed for acquiring, processing, analyzing, accessing, presenting and transferring geographical information (Anderson and Gaston 2013, Paneque-Gálvez et al. 2014) . Part of this cost reduction is the result of more than two decades of work by public and private initiatives to promote the generation and use of geographical information through spatial data infrastructures (SDI).
The geospatial data catalogs are responsible for facilitating the location and access to spatial resources in SDIs (OGC 2007a) . The creation of international standards has facilitated its adoption. Some examples are the International Organization for Standardization metadata standards for geographical data (ISO/TC 211 2014 , 2016 , the Open Geospatial Consortium (OGC) standards for discovering geographical information on the web (OGC 2007b) and the implementing rules of the European INSPIRE Directive that ensure the interoperability of European SDIs (Nogueras-Iso et al. 2009 ).
Technologically, geospatial data catalogs are similar to digital libraries that provide access to textual documents, images or any other kind of resource described with a metadata record (Smith 1996) . The most basic geospatial data catalogs provide a text/ keyword-based search system and a location-based search component to filter and sort the resources by their spatial features (Göbel and Klein 2002) . This kind of query is usually named 'concept at location' query in the literature (Hübner et al. 2004 ). In the geographical context, the concepts in a 'concept at location' query are the themes of the resources. The text-based search usually provides free-text queries on the metadata records, and the selection of terms from controlled vocabularies. The location-based search component usually allows constraining the user query to an area defined by coordinates or by geographic identifiers. The answer always consists of a metadata record list with the resources that partially fulfill the query restrictions, sorted by some similarity criteria.
These approaches are valid in many situations but they have limitations. From a spatial perspective, geographical information forms a continuum that covers the Earth surface. However, the data creators divide it into independent resources that cover different spatial and thematic extents. This division is usually done to fulfill the producer goals and they ignore the nature of the stored information. For example, governments develop geographical resources that cover their country surface, but there are several geographical features such as river basins that are shared between countries. In the case of rivers, Wolf et al. (1999) estimated that 45.3% of the land surface corresponds with river basins covering more than one country. In this context, the organization of the information into datasets spatially delimited by the boundaries of countries and other kinds of administrative regions enters into conflict with users that need continuous data (e.g. a pan European provider of road maps, or a flood risk manager covering different autonomous regions in a country). Moreover, data belonging to related topics in the same area may be scattered across different datasets. That is, this producer-oriented approach may enter into conflict with users who need continuous data.
The pan-European INSPIRE geoportal 1 is an example of a system with the previous limitations. This geospatial data catalog was created for providing support for the implementation of the INSPIRE Directive. It is a state-focused geospatial data catalog where each member state describes its geospatial resources. This focus may lead to incomplete answers for some kind of queries. For example, Figure 1 shows the answer to a query about 'road networks' in an area between Italy and France. This kind of query will always produce incomplete results because there are not resources in the catalog covering both countries. In this example, the first result describes exclusively the road networks in France and the second one describes only those in Italy. This data partition makes ranking an unhelpful feature. Each result only provides a part of the required information, and the user is forced to review all of them to compose a set of suitable road resources that fulfill his needs. This review task is challenging because the lack of feedback about how the search parameters define the search results makes difficult the comparison and interpretation of results (Göbel and Klein 2002) . Moreover, in the same way as there is spatial fragmentation, there is also thematic fragmentation. As each resource may contain only a small set of the themes of the information available about an area, in multi-theme queries, the results will also be thematically fragmented. Nowadays, the geospatial data catalogs of public institutions (such as the INSPIRE geoportal) are the most technologically advanced, but all of them have similar problems in terms of results interpretation.
The main contribution of this paper is an improved information retrieval (IR) process for geospatial data catalogs that aggregates the search results by identifying the implicit spatial/thematic relations between the metadata records of the resources. These aggregations are constructed in such a way that they match better the user query than each resource individually. The returned aggregations are composed of metadata records that describe resources that complement each other and fill the spatial gaps that each individual resource has for each queried theme. This paper is focused on analyzing the suitability of the aggregation of the metadata records provided as query results in the geospatial data catalog context. To analyze the result composition issues, other IR issues such as terminological heterogeneity or the use of imprecise spatial references in user queries are left aside. The system performance is evaluated comparing the behavior of the proposed IR system with another one that is similar to those used in prevalent geospatial data catalogs.
The rest of the paper is organized as follows. Section 2 reviews other works related to IR systems for geospatial data catalogs. Section 3 explains the IR issues that we analyze in this paper. Section 4 describes the proposed IR system, which is evaluated through a series of experiments described in Section 5. Section 6 discusses the obtained results. Finally, the paper ends with some conclusions and outlook on future work.
State of the art
There are many works that have proposed IR improvements through better similarity measures for result ranking, and through the increase of the metadata and query description quality. This section reviews a selection of these works.
Related to the definition of a spatial similarity measure between resources for ranking purposes, on the web context, Watters and Amoudi (2003) propose as a ranking factor for queries the distance between the place where the user is located and the place where the web server with the relevant data is located. They translate URLs into the spatial coordinates of the place where the web domain is situated and they use the linear distance of these coordinates to the user spatial location as a ranking factor of the results. Asadi et al. (2005) analyze the different types of textual queries that involve spatial information and describe how to adjust their ranking formulas. They review direct queries about facts, local queries that restrict the relevant results to those describing an area and location-based queries where the objective is to locate specific entities in an area (e.g. train stations).
Focused on geospatial data catalogs, Larson and Frontiera (2004) describe a statistically based ranking formula for geometry-based spatial queries. They make a review of previous spatial-based ranking formulas and propose a statistical measure that includes a corrective factor to deal with the problems caused by the imprecise definition of bounding boxes in border areas such as coasts. Lanfear (2006) suggests another ranking method for spatial features in geospatial data catalogs that takes into account the overlap between the query area and the resource, and the dimensions of the area outside the overlap. More recently, Renteria-Agualimpia et al. (2016) detect incoherencies in metadata collections by comparing the explicit geographical extension defined by coordinates and an implicit one defined by geographic identifiers found in metadata records. Their use of the Hausdorff distance to detect how similar are two geometries can be directly used in the IR context to determine a spatial similarity measure of a resource with the user query.
In addition to the previous works, there are ranking proposals that focus on the integration of different relevance measures. Göbel and Klein (2002) propose a linear ranking formula that in addition to the similarity with the spatial feature of the query (both coordinate and gazetteer based), it includes the degree of thematic coincidence and temporal overlap. Martins et al. (2005) compare different approaches to generate a combined ranking value from individual spatial and thematic distances. This comparison includes the use of a linear combination, the product, the maximum similarity and a step-linear function. Finally, Megler and Maier (2011) present a ranking method for integrating spatial and temporal query features based on the mean between the spatial and temporal distances to the center of the selected period or selected area.
Another approach frequently used to obtain better IR systems for geospatial data catalogs has been to improve the resource and the query descriptions. Lieberman (2006) describes an SDI architecture where online resources are able to self-describe themselves. This solution requires a semantic facade on top of OGC standard services that describes their content through the use of ontologies. Lutz et al. (2009) propose instead a semantic catalog where geospatial resources are described using roles and concepts from a domain ontology. Somehow related, Janowicz et al. (2010) propose a transparent semantic layer for SDI. They annotate the resource descriptions using ontologies and they relate these ontologies through a reasoning service implemented as a profile of an OGC catalog and a processing service, respectively. Finally, Florczyk et al. (2010) add semantics into an SDI catalog with a linked data administrative geography ontology that is used for data integration and referencing geographic themes.
Related to the query description improvement, other works have focused on the identification of textual patterns describing locations or location-based references (e.g. north of X). Works such as Sallaberry (2013) , Ferrés and Rodríguez (2015) and Kim et al. (2017) show that the identification of textual patterns describing locations can greatly improve the quality of the results when spatial description in metadata records is textual. However, in geospatial data catalogs, these solutions are less relevant because, by design, the metadata records of spatial resources specify their spatial limits as coordinates.
Our process focuses on automatically providing improved aggregated search results for geospatial data catalogs by using raw metadata. There have been other proposals that perform aggregations of resources at the data level but they require either human intervention or an extra layer of complexity such as adding domain knowledge in the form of ontologies. For example, Hübner et al. (2004) describe an ontology-based reasoning system that integrates heterogeneous geographical information in 'concept at location in time' queries. The user employs provided ontologies to define a query and the system returns a list of resources sorted by relevance. Then, the system facilitates its visualization and integration. Similarly, Lutz and Klien (2006) propose a retrieval system in which features published at Web Feature Service (WFS)s are described in terms of a shared domain ontology. This system offers a user interface that allows formulating queries using such ontology. A different approach can be found in Latre et al. (2009) . This work describes a retrieval system that identifies non-explicit relations between hydrologic feature types published at WFSs and uses this knowledge to expand results. Finally, Zhu et al. (2015) describe a user-focused spatial data analysis service that unifies the access to heterogeneous data by creating linked layers after parsing user requests.
Spatial and thematic issues in geospatial data catalogs
This section reviews the IR systems used in a representative set of geospatial data catalogs and describes their features and issues. We have analyzed the pan-European INSPIRE catalog, and the national catalogs in USA 2 (GeoPlatform), Spain 3 (IDEE), United Kingdom 4 (Data.Gov) and Canada 5 (GeoDiscovery). Below, we present an analysis of their user query interfaces and how they answer when the queries include spatial and thematic constraints. Then, we describe the issues that the process described in this paper tries to correct. Table 1 shows the type of search and ranking provided by each analyzed system. All the analyzed systems provide free-text search and some kind of controlled topic list or faceted solution. Additionally, their advanced search components focus on specific metadata fields, such as the resource type or data format. Among them, only the Spanish and Canadian systems offer temporal search (periods of time). Regarding the spatial search, the queries in the UK catalog cannot include textual and spatial features simultaneously. The remaining systems provide a bounding box-based spatial search component that can be combined with other query elements.
Prevalent approaches
In order to determine how the search process is performed, we have analyzed the result of queries using controlled fields, queries using free-text fields, queries using a spatial bounding box and queries with the three restrictions. The query terms have been selected so they return multiple resources (e.g. 'road network' in INSPIRE geoportal) and we have counted the occurrences of the query terms in each of the obtained metadata records and the percentage of spatial area in query that they cover. Through this analysis, we have found that the systems do 'AND' style queries when the queries involve two or more types of constraints (spatial, controlled or free text). That is, the responses only contain records that match all the constraints. The results can be sorted according to a relevance rank (some of them also include popularity and user rating) or alphabetically by different fields (e.g. title). Regarding the relevance rank, the number of occurrences of the query term in any part of a metadata record is used as a ranking factor (the metadata records with more query term occurrences are first). However, when the query involves controlled fields, only the existence is taken into account as ranking factor. We also tried to identify if any of the systems uses ontologies, or any other kind of formal model, for query expansion or refinement. However, since all the results in the tested systems contain the used query terms, it seems that queries have not been expanded with additional terms such as synonyms, hypernyms or hyponyms. In the systems supporting spatial restrictions, the more the query area and the geographical extent of a resource overlap, the better its rank is.
We have been unable to identify the exact ranking formula used for combining the spatial and textual rankings in the systems that support 'concept at location' style queries (INSPIRE, GeoPlatform and GeoDiscovery). However, we have detected that, in these systems, a spatially closer resource is ranked first even if it has far fewer occurrences of the textual query terms. This indicates that the ranking weight given to the spatial similarity is higher than the used one for the textual similarity.
The functionalities offered by these systems seem suitable in many situations but they are problematic when performing queries about multiple themes in an area crossing multiple countries or regions. In these cases, the results obtained are similar to those described in Figure 1 . That is, the results are partially relevant and none can be considered a complete answer.
Data fragmentation issues
The search features identified are very common and they can be found in digital libraries outside the spatial field (e.g. Europeana 6 ). It is important to note that the reviewed systems manage the resources as independent entities. However, in the geospatial context, the resources are related by the themes they cover and by spatial proximity (all this is indicated in their metadata records). If these relations are not taken into account, when a user query does not fit the artificial divisions (spatial and thematic) of the data continuum performed by the data creators, the catalogs will return incomplete results. Depending on the user query and the spatial and thematic data fragmentation, the answer may suffer from under-coverage, over-coverage and partial coverage of the results with respect to the query. Below, we are going to characterize each of these issues.
The first issue is the under-coverage of the results with respect to the query. At spatial level, this happens when the results include resources that only slightly intersect with the query bounding box. At thematic level, it happens when the result includes resources about a small subset of the query themes. This is a problem because resources that only slightly fulfill the query may be considered very relevant results. As an example of the spatial under-coverage, Figure 2 (A1) shows the bounding box of a query focused on the 'Castilla la Mancha' region in Spain (continuous line) and a resource focused on 'Valencia' region that only slightly intersects with the query (discontinuous line). Figure 2 (A2) shows a thematic under-coverage example. It contains a query about many subjects ('roads', 'rivers' and others) and a result (R) detailing only 'roads'. In both cases, the amount of information provided with respect to the requested query is small. Thus, although they fulfill the query, they have little relevance.
The second issue is the over-coverage of the results with respect to the query. At spatial level, it happens when the results include resources that cover an area much bigger than the requested one. At thematic level, it occurs when a result contains information about many more themes than the requested ones. Over-coverage is a problem in the sense that the amount of irrelevant information in the results makes difficult to identify the desired content. Any other result more adjusted to the query is probably a better option for the user. The spatial over-coverage example is shown in Figure 2 (B1). It depicts the same 'Castilla la Mancha' query, but in this case, the result covers the desired region and the rest of the Iberian Peninsula. Figure 2 (B2) shows a thematic over-coverage example with a query about 'roads' and a result (R) containing information about 'roads', 'rivers' and many other themes. In both cases, the result contains not only relevant information but also a disproportionate amount of irrelevant data.
The last issue happens when there are many partial results to a query. All of them are partially relevant, but none of them completely fulfill the query specification. Existent systems sort these results according to a spatial/theme similarity criterion (usually some spatial/theme overlap variant). However, when results are presented in this way, it is difficult to distinguish which areas/themes of the query are described by each resource and how they complement each other. An example of the spatial aspect of the partial coverage is shown in Figure 2 (C1). It shows the same 'Castilla la Mancha' query with multiple partial relevant results. Figure 2 (C2) continues with the previous 'roads' and 'rivers' query but providing as answer a resource about 'roads' and a different one about 'rivers' to show the thematic partial coverage. In both cases, none of the results are a complete answer to the query.
These spatial and thematic issues can happen in any combination in a 'concept at location' style query, especially when resources only cover part of the spatial area and part of the requested themes. In this case, as previously indicated, the results generated by the reviewed systems are not able to completely fulfill the query restrictions. Next section proposes an IR system able to deal with these issues by aggregating the metadata records in the result list into collections of compatible records that, as a set, are a better answer to the query. The construction of these aggregations helps to solve the composition issue and mitigates under and over-coverage problems.
Generating thematically and spatially aggregated results
In a classic IR system, when performing the intersection between the metadata of a resource and the query to determine if it is relevant, only a subset of the themes may intersect, and only a part of the query area may be covered. This means that each retrieved resource only provides a partial result. However, combining it with others, a more complete result could be obtained. For example, in a query about 'highways' in 'Spain,' we can find a resource about highways in the south of Spain. This result is incomplete but if combined with other one covering the north, we can compose a good result. The same happens with respect to the themes. For example, in a query about 'highways' and 'motorways' in Spain, a resource about Spanish motorways may be the perfect complement to another one depicting the Spanish highways. Figure 3 shows the main steps of the IR process created to generate aggregations of metadata records as results of 'concept at location' queries. The query analysis step is a simple decomposition process where the query is processed to separate spatial (bounding box) and thematic (keywords) requirements. The next step is to obtain the metadata records describing resources that are partially relevant to the query. This is done using a spatial and an inverted textual index. Only those that intersect spatially with the query area and contain at least one of the query keywords are returned. Then, the obtained metadata records are sorted according to their relevance degree. Finally, the IR process aggregates the records in suitable groups. This section focuses on describing how the ranking and aggregation process is performed. Equation (1) shows the similarity formula used for result ranking. It represents the similarity with a value between 0 and 1, 0 being 'irrelevant' and 1 'perfect match'. In the formula, we use the following symbols: dH G Q ; G R ð Þ represents the Hausdorff distance between the query geometry (G Q ) and a metadata record geometry (G R ); Max DH is the biggest Hausdorff distance of all the partially relevant resources with respect to the query; size T Q \ T R À Á indicates the number of themes in common between the metadata record (T R ) and the query (T Q ); and size T Q ð Þ indicates the number of themes in the query.
The Hausdorff distance is the greatest of all the distances between any point in a geometry and the closest point in another geometry. Since the Hausdorff distance between geometry A and B may be different from the Hausdorff distance between geometry B and A, the maximum is used. The Hausdorff distance of overlapping geometries of similar size is smaller than the equivalent one between overlapping geometries with very different dimensions. Therefore, it is very appropriate for ordering resources of different administrative levels (e.g. region vs. country size). Additionally, the Hausdorff distance can be used with complex geometries. Thus, replacing the metadata bounding boxes with approximate geometries would directly increase the quality of results without having to modify the IR system. This is also valid for resources with multiple disjoint geometries (e.g. Iberian peninsula and Canary islands) that can be represented as a single multi-polygon geometry for distance measure purpose. A problem of the Hausdorff distance is that it can give small distances to nonoverlapping resources (if they are similar in size and they are spatially close). However, this issue is not relevant for our system because the ranking is only applied on resources that overlap.
Once the ranking of the results has been performed, the last step aggregates the results that are spatially and thematically compatible. We consider that two metadata records (and therefore the resources they describe) are spatially compatible if the combined area for all their themes is significantly closer to the query area than each record individually. Regarding the thematic compatibility, we only consider compatible those that are thematically disjoint (they do not have any common query themes), and those that share one query theme and also half of the rest of the keywords. This avoids aggregating records of resources that describe a theme in very different ways. For example, if we are making a query about 'river basins', we may find a resource that focuses on the 'water flow' and another one describing the 'geology' of the basin. In this case, they are too different to be in the same aggregation. When the records do not share a query theme, they can always be aggregated because they are fulfilling disjoint restrictions in the query.
Algorithm 1 describes the method used to aggregate the list of ranked results obtained with the previous steps. For each metadata record obtained as result, the process searches other results that complement it. The aggregation process is performed only if there is a relevant part of the query area that is not covered in all the themes. The coverageFactor indicates the percentage of area in the query (summing up all themes) that can be left uncovered. The smaller it is, the more complete the results are. However, it is better to not completely cover the query bounding box with results to deal with imprecisions in the definition of the query or the resources. For example, it is counterproductive to complement a resource with a 99% of query coverage just to cover a small gap in a border. The value selected in the experiment section is a compromise between a complete coverage of the query and the management of deficiencies in the query formulation and the resources.
Algorithm 1 Spatio-thematic aggregation of results. The search of results that complement a given one is done by the function getBestResult depicted in Algorithm 2. This process is repeated until no more suitable resources for the aggregation are found. The identification of suitable complementary results is done by removing those that are spatially and thematically incompatible with the current aggregation (thematicFilter and spatialFilter functions). Then, the rest are sorted according to the dimension of the uncovered part of the query, and the closest one is selected.
Algorithm 2 Function to obtain a new element for an aggregation. In the process to identify the best possible record to add to an aggregation depicted in Algorithm 2, the spatial and thematic filters avoid adding resources that only improve the results in a negligible amount and the creation of thematically heterogeneous aggregations. The spatial filter removes the metadata records of resources that do not cover a relevant part of the query area uncovered by the aggregation. This behavior is adjusted by the infoFactor parameter that represents the amount of new information a resource has to provide to be included in the aggregation. A low value generates more complete aggregations, but some of their components may provide very little new information. A high value creates aggregations with more relevant elements, but it may leave important parts of the query uncovered. The thematic filter removes those results already in the aggregation and those that share a theme with the query and the aggregation but do not have in common at least half of the keywords. This is done because results with fewer keywords in common are likely to be too different between them to be integrated, even if they share a queried theme. After applying both filters, the remaining results are ranked according to the similarity formula shown in Equation (2), and the most similar one is selected as a new element in the aggregation.
Equation (2) is a generalization of Equation (1). Since we try to find the metadata record of the resource that is the most similar to the area of the themes that is not covered by the current members of an aggregation, the geometry of each theme in the query is different. For example, in a query about 'highways' and 'motorways' in Spain, we may have constructed an aggregation with a resource with the highways in the south of Spain, and another one covering the motorways in the east. In this context, the extension that is needed to cover with additional resources is different for the theme 'motorways' and the theme 'highways'. In the equation, we calculate the similarity of a metadata record (R) that is candidate for the aggregation with respect to the area of the query themes not covered by the aggregation (Uq). It is calculated as the sum of the spatial similarity of each theme of the query with some spatial extension uncovered with respect to the metadata record extension for these themes, divided by the number of query themes that have a spatial part uncovered (Size T Uq À Á ). The spatial similarity for each theme is obtained in a way analogous to Equation (1). In Equation (2), the following symbols are used: Max DH T represents the maximum Hausdorff distance between the theme extension of all the candidates and the uncovered extension of the query for this theme, and dH G T Uq ; G T R À Á is the Hausdorff distance of the theme of the metadata record that is being analyzed (G T R ) with respect to the uncovered part of the query for the theme (G T Uq ). This process may generate redundant aggregations with the same elements in different order (e.g. it can aggregate the 1st result with the 10th one and then aggregate the 10th result with the 1st one) and aggregations that are a superset of another one (in this case, some elements in the superset are not relevant). The last step removes these redundancies.
Experiments
This section compares the performance of the proposed IR process (Aggregated IR System) with a basic IR system (Basic IR System) similar to the ones used in the geospatial data catalogs described in Section 3.1.
Our Aggregated IR System has been tuned to try to create aggregations with at least a 90% of query coverage (coverageFactor = 0.1) and to add elements to the aggregation even if they only provide a small improvement of the result (infoFactor ¼ 0:1). The Basic IR System used for comparison applies a similarity measure that behaves similarly to the geospatial data catalogs described in Section 2 (see Equation (3)). This measure performs a combination between the spatial intersection of the query and the metadata record of the resource, and the theme intersection. The spatial similarity is obtained as the area of the intersection between the query (A Q ) and the record (A R ), divided by the maximum area of intersection between all the resources and the query. For the thematic similarity, we have directly used the Jaccard coefficient, which is calculated as the number of themes in common between the query (T Q ) and the record (T R ) divided by the total number of themes. Finally, this similarity values are weighted with α and β factors to be able to adjust the weight of the spatial aspect (α) of the query with respect to the thematic ones (β). To avoid giving any advantage to our proposal, the experiments with the Basic IR System have been performed multiple times with different α and β values, and the best obtained results have been the ones used in the comparison.
Evaluation methodology
For this experiment, we have used the metadata records provided through the Geoportal of the Spanish National Spatial Data Infrastructure 7 (IDEE) in 2015. This collection contains 97,867 records describing geographical resources created by different Spanish governmental institutions. This includes themes so different such as topology, environment, mineral resources, industry and infrastructures, among other themes. The performance of an IR system to solve the issues described in Section 3 cannot be simply described in terms of classical precision/recall measures. These measures are often based on a binary classification results as relevant and nonrelevant as a whole (Baeza-Yates and Ribeiro-Neto 2011). In our system, only the metadata records of resources that contain part of the selected area and some of the query themes are returned. Therefore, all the results contain at least a bit of relevant information. The problem here is to measure the degree of relevance for result ordering.
The proposed system is focused on improving the results of 'concept at location' queries. The objective of this type of queries is to return first the results that have an exact match with the query restriction, second those that cover the selected area but include much additional information (over-coverage), third those that have only a partial coverage, and finally results that only slightly fulfill the query restrictions (undercoverage).
To evaluate the ranking of the two systems, we have used the discounted cumulative gain (DCG) measure shown in Equation (4) (Baeza-Yates and Ribeiro-Neto 2011). This measure calculates the gain of adding each document to the result set based on its position in the result list. To obtain this measure, it is needed to describe the gain that each result adds to the result list (G i ). For this task, we have used the gain criteria described in Table 2 . In these criteria, higher values indicate that the result is more adjusted to the spatial or thematic restrictions in the query. The lower ones indicate that there is less similarity. The spatial and thematic content of each result of the analyzed queries has been classified according to these criteria. The final gain of each result is calculated as the mean of the spatial and the thematic gains. The spatial or thematic features of the result approximately cover the query but they are much more extensive Partial coverage
The spatial or thematic features of the result just cover a part of the query Under-coverage
The spatial or thematic features of the result just slightly cover a part of the query
Description of the experiments and results obtained
The main advantage of our system with respect to a basic one is that it is able to identify subsets of low gain results and transform them into higher gain aggregations. For example, it can combine several results with partial coverage of the query to obtain an exact match. To evaluate how the system performs, we have selected four themes commonly used in fields such as hydrology, ecology, infrastructure planning, industry or agriculture [some recent examples on the interest in these areas can be found in Graser et al. (2015) and Pereira et al. (2015) ] that have a high presence in the collection and four spatial areas that contain information about these themes. The themes are 'elevation' (model), 'road network', 'soil use' and 'hydrography'. Using these themes and areas, we have generated all the possible queries that include one or two of the themes and one spatial area. This makes a total of 40 different queries (combinations without repetitions of 2 themes selected from the 4 original ones plus the 'empty' theme, and the 4 different areas, i.e. 5 2 Ã 4). For these queries, we have obtained the DCG for the 10 first positions of their result lists, and we have calculated the mean DCG at each position. This mean takes into account that some queries return less than 10 results. Figure 4 compares the mean DGC of the two systems at each position of their result list (number of query result). It can be observed how the aggregated system has always a higher mean gain. This means that the obtained resources and the way they are positioned in the result list are better in the aggregated system than in the basic one.
To explicitly show how the system behaves with respect to the undesired effects described in Section 3, we analyze in detail the results of a small set of the selected queries. These queries show how our system behaves in two main scenarios: when there are results that perfectly match the spatial and/or thematic query restriction, and when there are not close matches. Table 3 summarizes the selected queries (Q1-4). The table shows the query bounding box (min and max longitude, latitude), a toponymical reference (Location) of the Spanish region containing the bounding box (for illustrative purposes) and the themes in the query (Themes). In the case of the first query (Q1), there are results that perfectly match the query restrictions. The detailed analysis of the result ordering is illustrative of the difference in behavior between our system and the basic solution. The rest of the queries display result sets that do not contain any result that perfectly match the query. Specifically, Q2 focuses on the spatial features. It requests information about a theme ('elevation') in a region (a part of 'Andalucía') where there are not resources that fit well with the selected area for the selected theme. However, there are resources that have over-coverage and others with partial coverage. Q3 focuses on the thematic features. It includes multiple themes ('road networks' and 'soil use') and it selects a region (Galicia) that contains resources that match the spatial aspects of the query but only partially match the thematic aspects. Q4 describes the more general case where none of the resources match well the query area (a part of Galicia and Castilla y León) and the selected themes ('road networks' and 'soil use' again). Table 4 shows a summary of the performance of each system, measured as the spatial and thematic similarity of the results with respect to the query specification. It includes the number of results obtained from each query (Num Res), the mean spatial coverage of the results with respect to the spatial restriction in the query (Mean SpCov), the mean thematic overlap between the results and the thematic restrictions in the query (Mean ThCov) and the size of the biggest aggregation obtained (Max AggSize). The spatial and thematic mean coverage visualize the degree of fulfillment of the user needs, while the size of the biggest aggregation indicates the number of individual results that are needed to fulfill the query in the worst case. Table 5 details the first three results of each query. It includes the title of the result in each position (result order), the percentage of spatial (SpCov) and thematic (ThCov) coverage of each result with respect to the query and the gain value (Gain) obtained according to the criteria indicated in Table 2 . The results that aggregate several resources to compose a better result are marked with (A). In the figure, it can be observed the difference between the results of the basic system, where most of them have over-coverage and partial coverage, and the ones obtained in the aggregated system, which generates aggregations closer to the query constraints. Q1 is representative of the situation when a query has a perfect match with the collection. It has been selected because there is a resource in the collection that matches at 99% the query bounding box (tile 98433 of the 'Andalucía Elevation Digital Model'). Additionally, there are five resources relevant for the query theme but that cover all Andalucía/Spain (they have spatial over-coverage). Finally, there are other six thematically relevant resources with spatial under-coverage. In the basic system, the most relevant resource is provided as the sixth result and the previous places are occupied by the resources with spatial over-coverage that completely cover the query area. The results with under-coverage are placed last. In the proposed system, no aggregation is generated for this query, but the ordering is improved since the best result is placed first and those with over-coverage are sorted according to the spatial similarity with the query. Additionally, the resources with spatial under-coverage are not returned because the aggregation process identifies that they are only reliable if complemented with another one that is reliable by itself.
Q2 analyzes the behavior of the systems when there are resources completely covering the thematic restrictions but not the spatial ones. For Q2, the collection contains nine relevant resources, five with spatial over-coverage (the same in Q1) and four with partial spatial coverage. They are four tiles of the 'Andalucía Elevation Digital Model' ('98433', '98434', '98443' and '98444') . In the basic system, the five first results are those with spatial over-coverage, and the last four ones are those that have partial coverage. In the proposed system, the four resources with partial spatial coverage are aggregated into a single result that perfectly matches the query. This aggregation is provided first in the result list. The rest of the results are sorted according to their spatial distance with respect to the query.
Q3 analyzes a scenario with resources that cover the spatial aspects of the query but only partially the thematic ones. For this query, there are 25 resources focused on Galicia and Spain about 'road networks' and 'soil use', but none containing both. In the basic IR system, the obtained results are not distinguishable since they all completely cover the query area and contain one query theme. In the proposed system, 24 compatible aggregations that fulfill the user needs are found. These aggregations add to each result (i.e. focused on one theme) the spatially closest result of the other theme. For example, the first result is the aggregation consisting of the two first results of the basic system, i.e. 'Topographic Base of Galicia' (providing road networks) and 'Map of Coverages and Soil Uses' (providing soil use).
Finally, Q4 focuses on the most general case: a query that has no clear candidate for the thematic and spatial query restrictions. It uses the same themes as the third query, but it covers an area that includes part of Galicia and their neighbor region of Castilla y León. In the collection, there are 31 relevant resources, and all of them have partial coverage of the spatial or the thematic query restrictions. In the basic system, as in the third query, the results only cover a single theme and they are sorted according to the degree of intersection with the query bounding box. This places the results with spatial over-coverage upper in the result list. For example, the first five results are different versions of the CORINE land cover project about 'Soil Uses' in Spain. The result 17 is the first one about 'Soil Uses' focused on a region close to the query bounding box ('Land cover of Castilla y León'), and the result 19 is the first about 'road networks' ('Topographic Base of Galicia'). The proposed system aggregates resources focused on Galicia and Castilla y León to form results that almost perfectly fit the user needs. Figure 5 compares graphically the first result obtained in both systems (queries are shown in gray, results in black). The basic system provides an unfocused result about a single query theme (Soil Use) and the query area is only a small fragment of the area covered by the resource. Regarding the proposed system, it returns an aggregation containing four results that provide an almost complete answer to the user query.
As a final comparison between the two systems, Figure 6 shows the DCG of the four selected queries (discounted cumulative gain) at each position of their result lists (number of query results) for the basic and the aggregated IR systems. It can be observed how the proposed system behaves better for all the query types, being especially advantageous in the most general case (Q4). In this case, none of the collection resources perfectly match the query but there are several partial matches. Therefore, the aggregation process can show its maximum potential. 
Discussion
The management of the spatial information as a continuous set is needed for many tasks such as analyzing the morphology of a river or identifying routes in a road network. However, when dealing with geospatial data catalogs, usually continuous information can be found divided into individual resources that do not provide the implicit spatial/thematic connection between them. This problem is not architectural, it is related to how data producers manage information. The technologies used for IR are, in most cases, general purpose solutions not adapted to the nature of spatial data.
The IR system proposed in this paper identifies the spatial and thematic relations in a collection of metadata records of geospatial resources to produce results closer to the query restrictions. To identify the spatial closeness of the records with respect to a query, it uses criteria similar to the one indicated in Lanfear (2006) , but using the Hausdorff distance as the spatial similarity measure. The thematic similarity is the ratio between the common themes in the record and the query. Finally, our system integrates the spatial and thematic similarity with a ranking formula like the one detailed in Martins et al. (2005) . What makes our system very different from them is the addition of a processing layer that identifies the spatial and thematic relations between the results to generate collections of metadata records as query results. The system uses these relations to combine the results into coherent aggregations that are closer to the user query constraints than the individual resources.
In this aspect, the paper has similarities with Lieberman (2006) or Lutz et al. (2009) in the sense that we use a layer on top of a basic catalog to provide improved results. The difference is that they use ontologies to generate individual results and we focus on the use of raw metadata to produce aggregations of results. They deal with resources as individuals while our system goes a step beyond that by considering that a result can be a composition of several metadata records. The aggregation of the catalog metadata records can be seen as a data integration task that helps to improve the quality of a catalog IR process. From this perspective, our work is related to proposals such as Hübner et al. (2004) and Lutz and Klien (2006) but working at metadata level instead of at data level.
Our aggregation proposal shows that taking into account the collection context in geospatial data catalogs is a way to provide more complete results. However, we have observed a limitation caused by the difficulty of generating consistent aggregations. In general, the themes related to geographical information are a quite homogeneous terminology set where the aggregations are really meaningful (landforms, infrastructures, cadaster). However, even if two resources share the same thematic, they may not be completely compatible if they provide too different information. For example, a resource containing the geometry of parcels and their type of crop is not very compatible with an aerial thermal image used for crop analysis. The problem has been mitigated using all the keywords of the resources as integration context. However, its effectiveness depends on the content of a single metadata field. A more sophisticated solution would require taking into account additional metadata elements to avoid noise in the aggregations. Additional elements to take into account as factors for data integration would be the data information models, formats, scales, or resolutions.
With respect to the processing time, the step for computing the aggregations does not significantly delay the search process because the spatial operations required to perform the aggregation are restricted to the resources in the result list. Including the time to access the spatial and textual indices, all the queries have returned their results in less than 1 s.
Conclusions
This paper has identified and analyzed three issues (under coverage, over coverage, partial coverage) from 'concept at location' style queries in geospatial data catalogs. These issues are caused by the lack of adaptation of prevalent IR engines used in these geospatial data catalogs to the specific nature of geoinformation. As a solution, we have proposed an IR method that yields aggregations of search results that match better 'concept at location' query restrictions.
The proposed IR method takes all the metadata records of resources that partially fulfill a query (intersect the bounding box or the themes) and finds the spatial and thematic relations between them. Next, it uses these relations to generate sets of metadata records that are a better answer to the query than each one individually. To evaluate its performance in archetypical 'concept at location' queries, we have compared the performance of our proposal with respect to an IR system similar to those used in prevalent geospatial data catalogs. The results have shown that this approach may complement the traditional plain list of results of geospatial data catalogs.
Additionally, our proposed aggregation-based functionality could be easily offered in any geospatial data catalog by extending the catalog service for the web (CSW) interface provided by OGC consortium (OGC 2007a). In the CSW, the GetRecords operation is responsible for locating resources according to the user query specified restrictions. CSW standard establishes three levels of detail in query results (Brief, Summary and Full) . To provide interoperability between systems, Brief and Summary results structure is restricted to the Dublin Core (DCMI 2007) based schema defined by OGC. In the case of Full results, the standard allows the definition of profiles that extend the service functionality. Through these profiles, the result structure could be redefined to provide aggregations as a new type of resource that can be returned by the CSW.
Since the structure of the Brief and Summary levels of detail is restricted, it is not possible to completely describe the aggregations: just the type of returned resource would indicate that is a collection (e.g. using dct:Collection as dc:type value), and the identifiers of the elements conforming it would be referenced (using dc:relation field). However, the Full basic description could be extended as needed to indicate the themes and area of the query added by each resource in the aggregation. This approach would make the aggregation-based system compatible with any existent CSW client. In all the three views, a client could obtain the description of resources with standard metadata fields, and only in the Full view, it would need to be specifically adapted to process the details of the aggregation composition.
Future work will explore the use of other metadata elements to solve problems related to scale and information content. Clustering the resources that only differ in representation fields, such as the scale, before the indexing process would reduce the heterogeneity of the results, showing the alternative scales and the type of content available in each cluster. Including temporal information can be also used to extend the proposed method for dealing with 'concept at location' at time queries. Finally, once we have aggregated metadata results, it could be possible to produce virtual resources that give access to the associated resources in an integrated way, even if this information was originally scattered across multiple resources.
Notes

